Inorganic perovskites have recently attracted much attention as promising new nanocrystalline materials that have interesting fundamental phenomena and great potential in several applications. Herein, we reveal unusual structural and electronic changes in nanocrystalline cesium lead bromide (CsPbBr 3 ) as a function of temperature using highresolution spectroscopic ellipsometry, high-resolution transmission electron microscopy and terahertz spectroscopy measurements supported by first-principles calculations. New dual phases of crystalline and electronic structures are observed due to the nanocrystalline nature of the material. Interestingly, a change in the electronic structure occurs below 150 K, and the rate at which the nanocrystal transitions from the tetragonal to orthorhombic phase is found to be nonlinear with temperature. Our results show the importance of the charge and lattice interplay in determining the dual phases and fundamental properties of nanocrystalline materials.
Introduction
The development of advanced and novel materials for use in solar cell technology has led to a recent surge of interest in inorganic/organic perovskites [1] [2] [3] [4] [5] [6] . A number of perovskites have been developed, namely, cesium lead halides (CsPbX 3 ) and methylammonium lead halides (CH 3 NH 3 PbX 3 or MAPbX 3 ), where X = I, Br or Cl. While a great deal of effort has been devoted to improving their efficiency 1, 5, 6 , our fundamental understanding of the crystalline and electronic structure phases, which are important for all electronic applications, is still lacking. Time-resolved terahertz (THz) spectroscopy experiments, for instance, have shown that at low temperatures, the large free-carrier density and mobility of CsPbBr 3 and MAPbI 3 make them ideal materials for charge-separation layers in photovoltaic cells 7 . However, the degradation of MAPbI 3 perovskites in air at high temperatures and with light illumination ultimately makes them unsuitable to be used in devices that would be exposed to constant light and heat 8 . It is not understood what causes such fundamental changes; however, it has been argued that the changes might be due to some structural phase changes upon heating and cooling.
On the other hand, using the purely inorganic, nanocrystalline perovskite, CsPbBr 3 , relatively efficient solar cells have been produced 9, 10 , and the efficiency of other inorganic Cs-based halide perovskites has been theoretically investigated via first-principle calculations 11 . Cesium lead halides can be completely color tuned based purely on the choice and mixture of halides used, which is a very useful trait in optoelectronic devices 12, 13 . Furthermore, CsPbBr 3 has been shown to have very high but comparable hole and electron mobilities and is also a potential material for gamma and X-ray detection 14 . Interestingly, by replacing some of the MA cations with smaller cesium atoms, MAPbI 3 can be stabilized at high temperatures 15 . This technique also increases the stability of formamidinium lead halide (HC(NH 2 ) 2 PbX 3 or FAPbX 3 ) solar cells and reduces the charge trapping density with the substitution of just 10% FA with Cs 16 . While most efforts have been devoted to exploring their potential applications, few studies have been performed to understand their fundamental structural properties.
One of the main issues with nanocrystalline perovskites is probing their crystalline and electronic structural properties as a function of temperature across different transition temperatures and phases 17 . We choose nanocrystalline CsPbBr 3 as a model system. CsPbBr 3 has been shown to undergo two structural phase changes in the single-crystal form: the orthorhombic (Pbnm) to tetragonal (P4/mbm) phase transition at 361 K and the tetragonal (P4/mbm) to (Pm3m) cubic transition at 403 K, both of which occur far above room temperature 18, 19 . However, these transition temperatures are lower for CsPbBr 3 quantum dots and powders 20, 21 . Our understanding of both the electronic and crystalline structures of nanocrystalline CsPbBr 3 , particularly below these transition temperatures, is still lacking 17 . Recently, there have been reports that nanocrystalline CsPbBr 3 can exist in multiple structural phases at once, including several reports of orthorhombic and cubic phases coexisting at room temperature 22, 23 . However, colloidally prepared CsPbBr 3 quantum dots appear to only show a single phase at room temperature 24, 25 , although the PbBr 6 octahedra undergo significant rotation 21 . The existence of dual structural phases also has significant effects on both the optoelectronic output and the efficiency of devices made with CsPbBr 3 and is crucial in determining how they perform at different temperatures 17, 24, 25 .
In this article, we find unusual dual phases of the crystalline and electronic structures of nanocrystalline CsPbBr 3 using a new methodology that simultaneously probes structural and electronic properties. An experiment based on temperature-and angle-dependent spectroscopic ellipsometry combined with high-resolution transmission electron microscopy (HR-TEM) and THz measurements as a function of temperature and supported by first-principle calculations is a powerful way to reveal the fundamental properties of nanocrystalline materials. Using this method, we are also able to determine the proportionality of the nanocrystals in each phase in a nondestructive manner, which HR-TEM and diffraction studies are unable to do alone [20] [21] [22] [23] [24] [25] . This finding has significant repercussions regarding the electronic structure and therefore the band gap and efficiency of future solar cell devices that will be produced.
Materials and methods

Sample preparation
The synthesis procedure for the CsPbBr 3 samples follows that in refs. 13, 26 . Cs 2 CO 3 (0.8 g), oleic acid (OA) (2.5 mL), and octadecene (ODE) (30 mL) were loaded into a 100 mL four-neck flask with degasing at 100°C for 30 min. The mixture was heated to 150°C and reacted for another 0.5 h until all the Cs 2 CO 3 was consumed. ODE (10 mL), OA (1 mL), oleylamine (OAm) (1 mL), and 0.36 mmol of PbBr 2 were loaded into another four-neck flask that was heated to 160°C. Then, 1 mL of the Cs precursor was injected into the first hot mixture for the reaction. After 5 s, the reaction mixture was cooled by an ice-water bath. The nanocrystals were washed with 20 mL of acetone. Finally, the products were dispersed in toluene. The thin films of the CsPbBr 3 nanocrystals were made by spin-coating the solution onto a z-cut quartz substrate at a speed of 1000 r/min for 3 min.
Spectroscopic ellipsometry
Spectroscopic ellipsometry measurements were carried out using a variable-angle spectroscopic ellipsometer (V-VASE, J.A. Woollam Co.) with a rotating analyzer and compensator. Two sets of measurements on the CsPbBr 3 samples were taken in the energy range of 0.6-6.0 eV, and the samples were inside an ultrahigh vacuum cryostat with a base pressure of 10 −8 mbar. The samples were cooled to 77 K using liquid nitrogen, and measurements were taken at angles of 68, 70, and 72 degrees, which were limited by the UHV windows. The first sample was then cooled to 7 K using liquid helium before being heated slowly to temperatures of 77, 100, 150, 160, 170, 180, 200, 250, 300, and 350 K. No change was observed between the first and second measurements at 77 K to show reproducibility and sample stabilization. The second sample was heated slowly to temperatures of 400 K and then slowly cooled to 390, 380, 370, 360, 350, 300, 250, 200, 160, 150, 140, 130, 120, 110, 100, 90, 80, and 77 K. The cooling/heating of the samples were uniform and slow, and they were kept at each temperature for 2 h as the measurements were taken. The analysis of the ellipsometry data was performed using the W-VASE analysis program, and the complex dielectric function was obtained using a fitting procedure that models the data 27 . The first sample was determined to have an average thickness of~30.4 nm from the fitting of the data, while the second sample has an average thickness of~30.1 nm. These results were further supported by the atomic force microscopy (AFM) measurements.
First-principles calculations
We use first-principles calculations based on density functional theory to obtain the electronic band structure and optical transitions of the inorganic CsPbBr 3 perovskite. We employed a first-principles approach based on Kohn-Sham density functional theory (KS-DFT) [28] [29] [30] [31] , as implemented in the QUANTUM ESPRESSO code 32 . The exchange-correlation energy was described by the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional 28, 33 .
Interactions between valence and core electrons were described by Troullier-Martins pseudopotentials 34 . The Kohn-Sham orbitals were expanded in a plane-wave basis with a cutoff energy of 60 Ry, and for the charge density, a cutoff of 240 Ry was used. The Brillouin zone (BZ) was sampled using a G-centered 6 × 6 × 6 grid following the scheme proposed by Monkhorst-Pack 35 . For the dielectric constant calculations, a fine 20 × 20 × 20 grid and a total of 400 bands were employed.
Terahertz spectroscopy
Our THz spectra of the CsPbBr 3 perovskite thin film samples were measured using a THz time domain spectrometer (TeraView TPS 3000) combined with a Janis ST-100-FTIR continuous flow cryostat, a homemade threeaxis alignment stage and a Cryo Industries cryo-cooler 
HR-TEM measurements
High-resolution transmission electron microscopy measurements are made on the third thin-film nanocrystalline CsPbBr 3 sample. TEM sample preparation was performed in a Helios NanoLab 600 DualBeam focused ion beam (ThermoFisher) and thinned at low energy (2 keV) down to 30-40 nm in the area of interest. The cross-section of the 30-nm thick CsPbBr 3 layer was viewed with a Titan TEM (ThermoFisher) operated at 200 kV. For this, the sample was placed in a double tilt liquid nitrogen cooling holder, Model 636 (Gatan), with a SmartSet Model 900 cold stage controller (Gatan). This setup allowed us to control the temperature at fixed values between 100 and 300 K. At each set temperature, TEM images and diffraction patterns were acquired from the same sample position. A 10 µm condenser aperture was used to form a relatively parallel beam of~30 nm in diameter, illuminating the center of the CsPbBr 3 film. Four diffraction patterns were taken at each temperature, each of which was saved and summed after careful alignment. The center of the summed diffraction patterns was precisely determined, and from here, a rotational intensity profile was measured using the DM script 'Interactive Rotational Profile' by B. Schaffer (Gatan). The rotational profile was plotted for each temperature. The background intensity in this rotational profile was relatively strong at low spatial frequencies, resulting from the bright direct beam, which was not blocked during the acquisition with the OneView camera (Gatan).
Results and discussion
The complex dielectric function of nanocrystalline samples of CsPbBr 3 is determined with spectroscopic ellipsometry as a function of temperature. The real (∈ 1 ) and imaginary (∈ 2 ) parts of the complex dielectric function, shown in Fig. 1a , b, respectively, are modeled based on the fitting of the output data, ψ and Δ (the ratio of the amplitude and difference in phase between the incident and reflected light, respectively). Using these results, an average film thickness of~30.4 nm is determined for CsPbBr 3 . Note that, as the thin films are spin-coated, the samples may not be uniform and can have up to as much as 5 nm variance in thickness across the whole surface. Excitonic features are found at approximately 2.40 −2.50 eV. There are also a number of features between the band gap edge and approximately 5.0 eV, which become more prominent as the sample is cooled to 7 K. We notice that at 350 K, there are virtually no features other than the band gap edge and the main peak at 4.80 eV. This lack of features is due to the broadening of the peaks through phonon interactions, which are also responsible for the amplitude reduction and discussed later. By looking at the difference in the complex dielectric function of CsPbBr 3 at 350 K and lower temperatures, we can see these features more clearly upon cooling ( Fig. 1c, d) . For reproducibility, a second sample of thinfilm nanocrystalline CsPbBr 3 is also measured as a function of temperature with smaller 10 K intervals between 77-160 K and 350-400 K. The real and imaginary parts of the complex dielectric function are shown in Supplementary Figs. S1a, b, respectively. The film thickness of this sample was determined to be~30.1 nm on average.
Intriguingly, there are some spectral regions where there is a drastic increase in spectral weights upon cooling, e.g., at~3.4-4.1 eV and above~4.6 eV, whereas in other regions, there is very little change when the temperature is lowered from 300 to 77 K, for example at~2.5 −3.4 eV and~4.1−4.6 eV. This difference shows a significant structural change occurs within CsPbBr 3 below room temperature, as further supported by temperaturedependent THz and HR-TEM measurements and supported with theoretical calculations discussed later. Structural phase changes have been reported in CsPbBr 3 at 361 K, where there is an orthorhombic-to-tetragonal phase transition, and at 403 K, where the phase transition is from tetragonal to cubic 18, 19, 36, 37 , both of which occur above room temperature. A significant change can also be seen in the complex dielectric function of the second sample between 360 and 370 K in Supplementary Fig. S1 .
Our observation of significant spectral weight transfer as a function of temperature is a fingerprint of the electronic correlation in this system. The overall magnitude of ∈ 2 shown in Fig. 1b decreases with increasing temperature, with a constant loss of 26.5% in intensity over the measured spectrum with increasing temperature up to 350 K (see details in the Supplementary section). This difference means that the electron-electron correlations affect (or are affected by) these phase transitions 38 .
To determine how the electronic structure of nanocrystalline CsPbBr 3 changes below room temperature, we calculate the temperature coefficients of the critical points at E 0 ≈ 2.45, E 1 ≈ 3.9 and E 2 ≈ 4.4−4.5 eV using both sets of spectroscopic ellipsometry data. This calculation is crucial in determining how both the optoelectronic output and efficiency of devices made with CsPbBr 3 will perform as a function of temperature. The results are shown in Fig. 2 (the detailed calculations of these points are given in the Supplementary information). In all three cases, there is not only a clear change in the temperature coefficient between 100 and 150 K but also a distinct shift in the energy of the critical points. This shift confirms that there is strong coupling between the electronic and structural changes below 150 K. There is also an interesting feature of a blueshift in the E 0 and E 1 critical points with temperature, while E 2 redshifts significantly. These shifts will be explained later.
The binding energy of the exciton can also be calculated from the ellipsometry data by using the temperature dependence of the absorption line width of the excitonic peak, which also takes into account the thermal broadening 39, 40 . From the calculations (see the supplementary for details), a binding energy of 13.4 ± 4.0 meV and an attempt frequency of 22 ± 4 fs −1 are found. These changes along with the~0.1 eV change in E 0 also confirm the significant impact that the temperature change has on the optoelectronic nature of nanocrystalline CsPbBr 3 , and it is important to determine exactly how and why these changes occur. The first step in this process is to identify the changes in the structural phase of PbBr 3 with temperature.
One way to determine the structural phase of a material is through X-ray diffraction (XRD), either powder diffraction or single-crystal diffraction. However, it is challenging to study thin-film nanocrystals on a substrate. Therefore, we performed HR-TEM as a function of temperature to study changes in the crystal structure and nanocrystal size of the CsPbBr 3 samples. A thin film with a 30-nm nanocrystal size (third sample) can be seen in Fig.  3a at a temperature of 100 K, and it is clear that many nanocrystals of different orientations are present with sizes on the order of 10 nm. We can estimate that the nanocrystal sizes are on the order of 10 nm, with sizes ranging from~5 to~50 nm. Note that the precise average and root-mean-squared nanocrystal size of the thin film cannot be accurately determined through HR-TEM. As the temperature slowly increases to 300 K, the size of the nanocrystals appears to change very little. Figure 3b shows the selected area electron diffraction (SAED) pattern from Fig. 3a at 100 K, and Fig. 3c shows the azimuthal integration of the thin-film SAED patterns from the same area as the temperature is increased slowly from 100 to 300 K and back to 100 K again. It is clear that there is a shift in some of the peaks as the temperature changes, especially in the peaks at 1.4 and 2.5 nm −1 , indicating a gradual structural transition rather than lattice stretching. There is also a significant loss in intensity as the sample is slowly heated and again when the temperature is reduced back to 100 K. This loss is likely due to damage from the electron beam over time and the formation of Pb nanoparticles within the lattice 41 . XRD has been previously performed on CsPbBr 3 using powder diffraction 14 and HR-TEM [20] [21] [22] [23] [24] [25] [42] [43] [44] . However, from this result alone, it has been difficult to determine the difference between the orthorhombic, tetragonal and cubic structural lattices of CsPbBr 3 . The azimuthal integration of the SAED patterns is very similar to that from refs. 42, 43 , and the exception is the large peak just above 2 nm −1 , which has been deduced to be from the substrate. The other peaks appear to consist of multiple peaks that shift in spectral weight as the temperature is increased, while the peak at 2 nm −1 does not change shape with temperature. This point is where spectroscopic ellipsometry becomes an important tool to resolve this issue because even though the structural phases of nanocrystals may be similar, their electronic structures can be different, particularly at high energy regimes, as further elaborated below.
Although HR-TEM is a useful tool to image nanocrystalline materials such as CsPbBr 3 , the electron beam has been known to damage the crystal structure of very thin films, and the degradation results in the formation of Pb nanocrystals 22, 41 . In most of these cases, the thin films are on the order of several atoms 22 to several nm thick 41 as opposed to an average of approximately 30 nm, an order of magnitude thicker. However, the loss in intensity in Fig.  3c as the sample is heated and then cooled again is likely the result of electron beam damage. This result further emphasizes the importance of spectroscopic ellipsometry as a nondestructive technique for simultaneously probing the structure and electronic structure of nanocrystalline perovskite systems, which, in most cases, are sensitive to damage such as that from an electron beam.
While the lattice properties of the structural phases of CsPbBr 3 are very similar, the energy band structures of the different lattices are likely more distinguishable. To determine the difference between the different lattice structures, first-principle calculations of the band structures of CsPbBr 3 are carried out and then compared with the higher-order transitions seen in the SE spectra in Fig. 1b .
Calculations of the CsPbBr 3 band structure are performed using density functional theory (DFT) simulations with spin-orbit coupling (SOC) to identify the optical transitions represented by the critical points shown in Figs. 1b, d and 2 . We consider the previously reported orthorhombic and tetragonal structures, as well as an alternative tetragonal model with the space group I4/ mcm, similar to an existing phase of MAPbI 3 (Fig. 4b ). We find that each crystal structure results in different optical transitions. Based on our calculations, the previously reported P4/mbm phase is inconsistent with the electronic transition at 3.45-3.50 eV described below. Instead, we find that a phase transition between the tetragonal I4/ mcm phase and the low-temperature orthorhombic phase (Fig. 4a) is consistent with the experimental data. The band structures for the two phases are shown in Fig. 4c, d , and the relevant optical transitions are identified in Fig.  4e , taking into account that the calculated band gaps for the tetragonal and orthorhombic phases are underestimated by 0.6 and 0.4 eV, respectively. The denotations in Fig. 4c -e are based on the point in the Brillouin zone where the optically allowed transition takes place (S, Z or Γ), whether it is the orthorhombic or tetragonal lattice under consideration (O or T), and the lowest allowed transition under consideration (1, 2, 3, etc.) .
At higher temperatures, the prominent optical features are smeared, revealing the complexity of the optical transitions. Interestingly, we identify optical transitions within the spectra that are unique to both the tetragonal and orthorhombic phases even as low as 7 K. More specifically, the emergence of the peak at 3.90 eV marked Γ/S T2 does match optically allowed transitions within the tetragonal lattice, along with the peak at 3.50 eV and the excitonic peak, which also match orthorhombic optically allowed transitions and do not match any optically allowed transition in the orthorhombic lattice. This result reveals the existence of both orthorhombic and tetragonal lattices, even at very low temperatures. As CsPbBr 3 is a nanocrystalline material, the two structural phases can coexist because some of the nanocrystals can transition from the tetragonal phase to the orthorhombic phase, while the rest remain in the tetragonal phase. Several materials have exhibited structural phase duality, such as nanocrystalline Ni 45 , Cu 3 SnS 4 nanocrystals 46 , and most notably, Na 0.5 Bi 0.5 -TiO 3 perovskite, where structural phase duality exists over two temperature ranges: the tetragonal/cubic phase between 773 and 813 K and the rhombohedral/tetragonal phase over 528-673 K 47 . In this case, the optical transitions associated with the orthorhombic phase begin to appear at 361 K, which is the temperature at which the single-crystal phase change was recorded 12, 19, 36, 37 . The peaks associated with the transitions become stronger as CsPbBr 3 cools to 7 K, which would make it the largest recorded temperature range over which a structural phase duality exists. This result is further corroborated by the change in the spectral weight within the peaks seen in Fig. 3c and the change in the weak phonon modes with temperature recorded by THz spectroscopy shown later in Fig. 6 .
Because the rate of change of the sample temperature between measurements is very low and evenly applied across the sample and the sample is kept at the same temperature for 2 h, we can rule out sudden changes in temperature as the cause for both orthorhombic and tetragonal lattices appearing in the sample. The existence of different structural phases in CsPbBr 3 at single temperatures comes from the expansion/contraction of the crystal lattices and electronic correlation with temperature and the resulting tilts in the PbBr 6 octahedra to relieve the stress and strain that builds up within the lattice 22, 24, 47 . In single crystals, this would happen across the entire lattice at once, whereas in nanocrystalline materials, the nanocrystals would undergo phase changes until the stress/strain is relieved, which means that not all of the nanocrystals need to change at once.
Our result also explains and reconciles previous studies on nuclear-quadrupole resonance (NQR) 36 and neutron scattering 18 measurements. Previously, NQR measurements of bromine in CsPbBr 3 suggested a second-order phase transition below 170 K 36 . Neutron scattering experiments of CsPbBr 3 showed a splitting of Bragg peaks at low temperatures 18 . Note that a low-temperature phase change has also been observed in a similar perovskite, CsPbF 3 , where the transition between a rhombohedral to cubic lattice occurs at 187 K 48 . The splitting of the Bragg peaks occurs because both orthogonal and tetragonal peaks appear at the lowest temperature. Interestingly, the peak shifts are shown in Fig. 2 and the NQR scans of bromine in ref. 36 show a more pronounced change between 100 and 150 K, which does not indicate a linear rate of transition between the orthorhombic and tetragonal lattices. This new information means that as the tetragonal-to-orthorhombic ratio of the nanocrystals shifts in favor of the latter as the samples are cooled, a change in the electronic structure occurs and is dependent on the number of nanocrystals that have undergone the phase transition. The different temperature coefficients for critical points among E 2 and E 1 and E 0 (as shown in Fig. 2 are because these transitions have different origins. E 2 mostly involves optical transitions from the valence band in the orthorhombic phase (Z O2 ), while E 1 and E 0 mostly originate from optical transitions from the valence band in the tetragonal phase (Γ/S T2 ) and the exciton. We note that in most cases, a blueshift in peak energy is observed with increasing temperature; however, this may not always be the case. The peaks observed in the spectra optically match the allowed transitions between energy bands at different points in the Brillouin zone, such as those seen in Fig. 4 . Changes in the material, such as externally applied changes in temperature and internal changes in pressure with the transition between orthorhombic and tetragonal lattices, can alter the energy bands. In some cases, the conduction or valence bands may shift lower or higher depending on their position within the Brillouin zone, which would result in a small decrease/increase in the peak energy. This effect is also dependent on whether the lattice itself is orthorhombic or tetragonal. The opposing shifts in temperature observed in the E 1 and E 2 peaks from Fig. 2 (corresponding to the tetragonal Γ/S T2 and orthorhombic Z 2 transitions, respectively) are most likely a combination of all these factors.
To quantify the ratio of the structural phases and determine exactly how the nanocrystalline structure changes with temperature, the imaginary part of the dielectric function (∈ 2 ) from both the tetragonal and orthorhombic band structure simulations is calculated and compared with the experimental data. Figure 5a shows the x, y, and z components of the calculated ∈ 2 from both the orthorhombic and tetragonal phases. The ∈ 2 of the tetragonal phase, shown in red, is almost isotropic with very little change between the x, y, and z directions, while the x, y, and z components of ∈ 2 in the orthorhombic phase, shown in blue, are very different.
The calculated ∈ 2 of both phases are then combined in different ratios and compared to the data in an effort to find the best fit for each temperature. This is achieved by combining the ∈ 2 of the tetragonal and orthorhombic lattices shown in Fig. 5a in increments of 1% (e.g., 1% orthorhombic plus 99% tetragonal) and performing a simple least-squares regression fit for the data between 3.0 and 5.5 eV, which is calculated assuming isotropic contributions due to the many different lattice orientations of the nanocrystalline material, as shown in Fig. 3a . The results of the best fits for 7, 100, 150, and 300 K are shown in Fig. 5b along with the data. Each set has been shifted by 0.1 units in the y-axis for clarity.
The simulations of ∈ 2 fit very well with the data between 3.20 and 5.20 eV. Below 3.20 eV, electron-hole interactions become very important, whereas stronger electron-electron correlations become important above 5.20 eV. The best fit for the 300 K data involves a combination of 75% tetragonal and 25% orthorhombic nanocrystals, while at 7 K, this ratio shifts to 50% for each phase. This difference is consistent with a decrease in tetragonal nanocrystals from the initial phase change at 361 K. Figure 5c shows the calculated percentage of orthorhombic nanocrystals for a range of temperatures between 7 and 360 K. However, between 100 and 150 K, the percentage of orthorhombic nanocrystals is approximately 33%, whereas at 100 K, it increases to 45%, as shown in Fig. 5c . This increase means that the rate of change of the nanocrystals in the material from orthorhombic to tetragonal is not linear with temperature as predicted earlier, and this nonlinearity is reflected in the rapid change in the electronic structure below 150 K seen in Fig. 2a . Many factors, such as nanocrystal size, orientation, surface ligands, and termination 49 , can affect the rate of change of the phase transition, and this is a subject for further investigation.
Optical conductivity measurements were taken for CsPbBr 3 in the THz range to probe the possible phonon modes within the nanocrystalline samples. AFM measurements show the film thickness of a fourth CsPbBr 3 sample is 212 ± 23 nm. The extracted optical conductivity σ 1 (ω) is shown as dots in Fig. 6a . There are two main peaks at~1.6 and~2.4 THz, and a two-Lorentz-oscillator model is used, which gives a very good fit for the data (solid lines in Fig. 6a ):
The fitting parameters are shown in Fig. 6b , and the error bars take into account the film roughness. According to the DFT calculations shown in Fig. 3d of ref. 50 , there are only two modes at~1.3 and~2.8 THz in the cubic phase. Our 300 K data, whose peaks appear at~1.6 and~2.4 THz, agree reasonably well with these DFT calculations.
However, as we can see in Fig. 6a , we observe two additional small peaks. The 1.1-THz peak exists at all temperatures, while the 2.0-THz shoulder only exists below 150 K. This shoulder feature is also observed for CH 3 NH 3 PbI 3 51 and CH 3 NH 3 PbBr 3 52 perovskite thin films, which can be attributed to the tetragonal-toorthorhombic phase transition near 150 K. Our similar observations, albeit for this inorganic nanocrystalline CsPbBr 3 sample, are therefore consistent with the results from spectroscopic ellipsometry in this paper.
Conclusion
We observed a dual phase of crystalline and electronic structures due to the nanocrystalline nature of the material as a function of temperature. These changes are the result of individual nanocrystals transitioning from a tetragonal to orthorhombic structure to relieve the stress/strain build up during shifts in temperature. Significant changes in the electronic structure below 150 K are found due to the increased rate of the structural phase transition in the nanocrystals between 150 and 100 K, and this transition rate is not linear with temperature.
Furthermore, a new method of detecting phase transitions in thin-film nanocrystalline materials in a nondestructive manner is introduced through the identification of optical transitions within the electronic structure and the comparison of experimental data and theoretical models of the complex dielectric function. This method allows us to determine the proportionality of nanocrystals in both the orthorhombic or tetragonal phases and thus determine the exact nature of change in the material, both structurally and electronically, with temperature. This insight and new methodology for structural phase and electronic changes within CsPbBr 3 can be applied to many other nanocrystalline materials and can directly impact the performance of these materials in nanostructures.
